Preeclampsia (PE) is a pregnancy-induced disorder characterized by hypertension and proteinuria after 20 weeks of gestation, affecting 5-7% of pregnancies worldwide. So far, the etiology of PE remains poorly understood. Abnormal decidualization is thought to contribute to the development of PE. SP1 belongs to the Sp/KLF superfamily and can recruit P300 to regulate the transcription of several genes. SP1 is also very important for decidualization as it enhances the expression of tissue factor. In this study, we investigated the expression of SP1 and P300 in deciduae and their relationship with PE. A total of 42 decidua samples were collected, of which 21 were from normal pregnant (NP) and 21 from severe PE. SP1 and P300 expression in deciduae and the levels of SP1 and P300 in cultured human endometrial stromal cells (hESCs) and primary hESCs during decidualization were determined. To further investigate the role of SP1 and P300 in human decidualization, RNA interference was used to silence SP1 and P300 in hESCs and primary hESCs. The following results were obtained. We found that the expressions of SP1 and P300 were reduced in decidual tissues with PE compared to those from NP. In the in vitro model of induction of decidualization, we found an increase in both SP1 and P300 levels. Silencing of SP1 and P300 resulted in abnormal decidualization and a significant reduction of decidualization markers such as insulin-like growth factor-binding protein1 and prolactin. Furthermore, the expression of vascular endothelial growth factor was also decreased upon SP1 and P300 silencing. Similar results were observed in primary hESCs. Our results suggest that SP1 and P300 play an important role during decidualization. Dysfunction of SP1 and P300 leads to impaired decidualization and might contribute to PE.
Introduction
Preeclampsia (PE) is a pregnancy-specific disorder defined by new onset of hypertension and proteinuria after 20 weeks of gestation. PE is unique to humans, affecting 2-7% of pregnancies (Hauth et al. 2000 , Sibai et al. 2005 .
increased risk of cardiovascular mortality in adulthood (Barker 1995) . Although symptoms disappear after delivery, PE is one of the leading causes of maternal mortality and morbidity worldwide (Sibai et al. 1993 , de Swiet 2000 , Ghulmiyyah et al. 2012 .
Knowledge of PE pathogenesis has increased in the past few decades. Previous studies have demonstrated that invasion of trophoblasts into spiral arteries is a very important process during the early stages of pregnancy. Abnormal placentation, particularly defective trophoblast invasion, is thought to cause PE in women (Winship et al. 2015) . Furthermore, maternal spiral artery modification deficiency can lead to placental oxidative stress (Burton et al. 2009 ), endothelial dysfunction and inflammation (Maynard et al. 2003 , Craici et al. 2008 ) and deregulation of immunological responses (Redman et al. 2009 , Louwen et al. 2012 ) and contribute to the pathogenesis of PE. Furthermore, PE is also influenced by genetic and environmental factors and their interactions (Johansson et al. 2011) .
Little attention has been focused on the decidua, into which the extravillous trophoblast (EVT) invades. Probably the 'soil,' rather than, or in addition to, the 'seed' is aberrant in women who develop PE (Brosens et al. 2002 , Founds et al. 2009 ). Decidualization is essential for the maintenance of pregnancy and is regulated by the ovarian hormones (Wetendorf et al. 2012 , Zhang et al. 2013 . Decidualization occurs in the secretory phase, during which human endometrial stromal cells (ESCs) differentiate into larger and polygonal cells, transforming the endometrium into decidua, along with changes in their cellular function and gene expression. Decidual cells produce several characteristic growth factors and cytokines such as tissue factor (Lockwood et al. 1993) , prolactin (PRL) (Daly et al. 1983 ) and insulin-like growth factor-binding protein 1 (IGFBP1) (Giudice et al. 1992) . Thus, IGFBP1 and PRL have been useful as differentiation markers of decidual cells (Maslar et al. 1979 , Dunn et al. 2003 . Human uterine decidualization is a very important process, and it can affect all uterine compartments and cells, including spiral arteries, endometrial, epithelial, stromal compartments, junctional zone myocytes and local immune cells (Gellersen et al. 2007) . Decidualization is thought to regulate trophoblast invasion and formation of placenta during early pregnancy. Furthermore, decidualization also plays an important role in immune tolerance of the semi-allogeneic fetus and isolates the mother and fetus from pathogens (Gellersen et al. 2007) . Overall, placentation, embryo implantation and the establishment of pregnancy rely on appropriate decidualization of the endometrial stromal cells.
Specificity protein 1 (SP1) belongs to the Sp/Kruppellike factor (Sp/KLF) super-family. It is the first transcription factor to be purified and cloned from mammalian cells. It has highly conserved DNA-binding domains and three tandem zinc-finger motifs. SP1 is very important for decidualization as it regulates tissue factor expression by progestin (Krikun et al. 2000) . Histone acetylation by histone acetyltransferase is one of the major mechanisms that regulates gene transcription. Histone acetyltransferase consists of three main families: GNAT Gcn5-related N-acetyltransferase, P300 and cyclic AMP response element-binding protein (CREB), and MYST superfamily (Sterner et al. 2000) . Previous studies have indicated that P300 interacts with specific transcription factors to regulate gene transcription and plays an important role in the process of cell proliferation and differentiation (Bannister et al. 1996 , Ogryzko et al. 1996 . SP1 can recruit P300 and interact with it to promote gene transcription (Li et al. 2013) . It has also been reported that SP1 regulates angiogenesis via VEGF (Liu et al. 2016) . In our previous work, we have demonstrated that expression of VEGF is reduced in the decidua of PE (Zhang et al. 2016) . We therefore hypothesized that SP1 and P300 are associated with PE through decidualization. The aim of this study was to investigate the roles of SP1 and P300 in decidualization and their potential role in the pathogenesis of PE.
Materials and methods

Study population
All patients were recruited from the Qilu Hospital, Shandong University from Jan 2014 to Jan 2015. Only women with a singleton pregnancy were included. Exclusion criteria were women with collagen vascular disease, chronic hypertension, renal disease, diabetes mellitus, intra-partum infection, fetal abnormalities, chromosomal abnormalities and other diseases. The research was approved by the Ethics Committee of Qilu Hospital, and written informed consent was obtained from each patient. A total of 42 decidua samples were collected, of which 21 were from normal pregnant (NP) women who did not suffer from high blood pressure and proteinuria during pregnancy and delivered a healthy newborn after 37 weeks of pregnancy. The other 21 samples were from women with severe preeclampsia (SPE) women. SPE women are defined as women who previously had
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normal blood pressure and were subsequently diagnosed with a systolic blood pressure (SBP) of at least 160 mmHg or a diastolic blood pressure (DBP) of at least 110 mmHg and/or had proteinuria greater than either 2 on a dipstick or 5 g in 24-h urine collection after 20 weeks of gestation.
Decidual tissue collection
All pregnancies were delivered by caesarean section. The decidual tissues were collected immediately after delivery from the gauze used to scrub the uterus. Collected tissues were washed with DEPC-treated saline three times to remove blood, snap-frozen in liquid nitrogen and stored at −80°C before use.
Real-time polymerase chain reaction (PCR) analysis
TRIzol reagent (Invitrogen) was used to extract total RNA from tissues. Animal Total RNA Isolation Kit (Foregene, Chengdu, China) was utilized to extract total RNA from cells cultured in vitro as per the manufacturers' instructions, RNA integrity was assessed by electrophoresis. Intact tissue RNA samples (1 μg) and cell RNA samples (500 ng) were converted to cDNA using the ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Japan). Real-time PCR was performed using an Applied Biosystems Real-Time PCR system (Life Technologies) with the following conditions: initial denaturation for 10 min at 95°C, followed by 40 cycles of 10 s at 95°C, 20 s at 59°C, 20 s at 72°C and a final extension for 5 min at 72°C. Real-time PCR reactions were performed in triplicate with SYBR GREEN PCR Master Mix (Toyobo). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. Melting-curve analyses were carried out to verify the product identities and some of the amplicons were picked up randomly and were analyzed in 1.8% agarose gels to ensure the specificity of the PCR. The data were analyzed using the ΔΔCt method (Pfaffl 2001 , Bustin et al. 2009 ). The sequences of the primers for human SP1, P300, VEGF, PRL, IGFBP1 and GAPDH are given in Table 1 .
Human endometrial stromal cell (hESC) culture and treatment
Immortalized hESC line was from the American Type Culture Collection (ATCCR CRL-4003TM). The cells were inoculated in 75 cm 2 cell culture flasks and cultured in Phenol Red-free Dulbecco's modified Eagle's medium (DMEM)/F-12-containing glutamine (Life Technologies), 1% Insulin-Transferrin-Selenium (Invitrogen), 5 × 10 −2 g/L antibiotics (Gibco) and 10% charcoalstripped foetal bovine serum (Biological Industries, Beit Haemek, Israel) at 37°C and 5% CO 2 . To induce decidualization in vitro, 3 × 10 5 hESCs were incubated with DMEM/F12-containing 2% charcoal-stripped FBS, 1 μmol/L medroxyprogesterone-17-acetate (MPA) (Sigma Chemical Co., St Louis, MO, USA) and 0.5 mmol/L N6, 20-O-dibutyryladenosine cAMP sodium salt (db-cAMP) (Sigma Chemical Co.) for 6 days with the medium being changed every two days. The cells were digested and counted using a TC20 automated cell counter (Bio-Rad Laboratories) on day 3 and day 6.
For RNAi, small interfering RNAs (siRNA) were purchased from Invitrogen. hESCs were plated in medium without antibiotics at approximately 4 × 10 5 cells per well in six-well plates. SiRNA (2.5 μL/per well) and Lipofectamine RNAiMAX Reagent (9 μL/well; Invitrogen) were diluted in Opti-MEM Medium (Gibco) and incubated at room temperature for 5 min. The mixtures were then added to the cells in the six-well plates. After 24 h, the medium was removed, and decidualization was induced in the cells for 4 days. 
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Primary endometrial stromal cell (ESC) isolation
Primary ESCs were isolated from normal proliferative endometrial tissues obtained from cycling women by endometrial biopsy at the time of diagnostic hysteroscopy. The endometrial tissues were processed for stromal cell culture as described previously (Fernandez-Shaw et al. 1992) . Briefly, the samples were suspended in PBS after washing twice in 0.9% normal saline. The tissues were then washed twice in DMEM/F12, chopped and digested with collagenase type I (c0130; Sigma Chemical Co.) for 70 min at 37°C and finally digested with deoxyribonuclease (DN25; Sigma Chemical Co.) for 20 min at 37°C. The suspension was filtered through an 180 μm griddle to remove mucus and undigested tissues and then through a 40 μm griddle, which permits only stromal cells to pass. The primary ESCs were inoculated into 75 cm 2 cell culture flasks first, and then used for decidualization induction and RNAi experiment under the same conditions described in the previous section for hESCs.
Western blot analysis
Total protein was isolated from decidual tissues and cultured hESCs using radio immunoprecipitation assay lysis buffer (Beyotime Biotechnology, Haimen, China) with protease inhibitors (Sigma Chemical Co.). Isolated proteins were quantified with an Enhanced BCA Protein Assay Kit (Thermo Fisher Scientific). The protein (40 μg) was solubilized in a sample buffer consisting of 2% (w/v) SDS, 62.5 mM Tris-HCl pH 6.8, 0.01% (w/v) bromophenol blue, 25% (v/v) glycerol, 5% (w/v) β-mercaptoethanol and boiled at 100°C for 5 min. The boiled samples were electrophoresed using 8% SDS-PAGE and transferred onto polyvinylidene difluoride membrane (GE Healthcare Life Sciences). The membrane was blocked with 5% non-fat milk for 90 min at room temperature. After blocking, the membrane was incubated with either the rabbit antihuman SP1 primary antibody (1:500; sc-14027, Santa Cruz Biotechnologies) or the rabbit anti-human P300 antibody (1:500; sc-585, Santa Cruz Biotechnologies) or the primary antibody against β-actin (1:5000; sc47778, Santa Cruz Biotechnologies) at 4°C overnight. The membrane was then washed with Tris-buffered saline containing 0.1% Tween-20 three times and incubated with horseradish peroxidase-conjugated secondary antibody (1:5000) at room temperature for 1-2 h. Detection was done using ECL chemiluminescence kit (Millipore). Bands were analyzed by Quantiscan software (Biosoft, Great Shelford, Cambridge, UK).
Statistical analysis
All data were analyzed using SPSS statistical 22 software (IBM). Differences between the two groups (SPE and NP) were analyzed by one-way analysis of variance and Student's t-test. The data are represented as means ± s.e.m. and all experiments were repeated at least three times. A value of P < 0.05 was regarded as statistically significant.
Results
Clinical data of the participants
The clinical information of the patients with SPE and the NP controls is shown in Table 2 . There was no significant difference in the age between the NP and the SPE groups (P > 0.05). The DBP and SBP were significantly higher in the SPE group than those in the NP group. The gestational age and birth weight of newborns in the SPE group were lower than those in the NP group. The proteinuria of SPE patients was greater than 2, while women in the NP group did not have proteinuria.
Expression of SP1 and P300 in the decidual tissues of NP and SPE
Real-time PCR data revealed that the mRNA levels of SP1 and P300 were significantly lower in the SPE group as compared to the NP group (Fig. 1A) . Western blot result also showed that the expression of SP1 and P300 proteins in the decidual tissues of the SPE group was lower than that of the NP group (Fig. 1B) .
Expression of SP1 and P300 in decidualized hESCs
To analyze the expression of SP1 and P300 during the process of decidualization, we induced decidualization using db-cAMP and MPA. Difference in cellular morphology could be observed between the two groups on day 3. The untreated cells were spindle-shaped while the treated cells were enlarged and spherical ( Supplementary Fig. 1E , see section on supplementary data given at the end of this article). Eventually, the morphology of decidualized cells became increasingly plump on day 6 ( Supplementary  Fig. 1F ). Cell counting showed that cell numbers were and P300 mRNA levels in deciduae from NP (n = 21) and SPE (n = 21). (B) Expression of SP1 and P300 proteins relative to β-actin (n = 21 for each group). The data are shown as mean ± s.e.m. *P < 0.05. NP, normal pregnant; SPE, severe preeclampsia.
Figure 2
The expression of SP1, P300, IGFBP1 and PRL in hESCs after induced decidualization for 6 days. (A, B, C, and D) Expression of SP1, P300, IGFBP1 and PRL mRNA relative to GAPDH respectively. (E and F) Levels of SP1 and P300 proteins. All data are shown as mean ± s.e.m. *P < 0.05; **P < 0.01; ***P < 0.001 vs Ctrl or day 0. ## P < 0.01 vs day 3. Ctrl, control hESCs; cAMP + MPA, treated hESCs. hESCs, human endometrial stromal cells. IGFBP1, insulin-like growth factor-binding protein 1; PRL, prolactin. Y Zhang, J Yang et al. Downregulation of SP1 and P300 in preeclampsia 60 2 :
Journal of Molecular Endocrinology significantly decreased in treated groups on day 3 and day 6 (Supplementary Fig. 1G ). When compared with untreated cells, the expression of SP1 and P300 on day 6 was upregulated at both mRNA and protein levels in the decidualized cells ( Fig. 2A, B,  E and F) . To test the reliability of the in vitro induction of decidualization, we evaluated the mRNAs of the endometrial decidualization biomarkers (IGFBP1 and PRL). We found that the levels of PRL and IGFBP1 mRNA were increased significantly with time ( Fig. 2C and D) .
Silencing of SP1 and P300 affects decidualization
To further investigate the role of SP1 and P300 in human decidualization, RNA interference was used to silence the expression of SP1 and P300 in hESCs. Real-time PCR results showed that the mRNA levels of the decidualization markers IGFBP1 and PRL were decreased significantly when SP1 or P300 was silenced ( Fig. 3A and B) . These findings suggested that silencing of SP1 or P300 blocked the decidualization reaction. To explore the mechanism of blocking in the absence of SP1 or P300, the expression of VEGFA mRNA was analyzed. As shown in Fig. 3C and D, the transcription levels of this angiogenic gene were compromised upon SP1 or P300 siRNA treatment.
Attenuation of SP1 and P300 led to impaired decidualization in primary ESCs
To further confirm the results observed, we induced decidualization in primary endometrial stromal cells and analyzed them. When primary ESCs were treated with db-cAMP and MPA for 6 days, the morphology of decidualized cells was significantly altered when compared with their untreated counterparts ( Supplementary Fig. 2A , B, C, D, E and F). The expression of both SP1 and P300 was significantly upregulated on day 6 (Fig. 4A and B) , with simultaneous significant increase in the levels of PRL and IGFBP1 mRNAs (Fig. 4C and D) . Real-time PCR results showed that the mRNA levels of the decidualization markers IGFBP1 and PRL were decreased significantly when SP1 or P300 was silenced; the levels of VEGFA mRNA were also reduced ( Fig. 5A and B) .
Discussion
Owing to its high incidence and significant risk for both the mother and the fetus, PE has attracted increasing Figure 3 Effects of silencing of SP1 and P300 on decidualization. 24 h after transfection with SP1 or P300 siRNA, hESCs were treated with db-cAMP and MPA for 4 days. (A and C) mRNA expression of related genes after SP1 was silenced. (B and D) mRNA expression of related genes after P300 was silenced. All data are shown as mean ± s.e.m. *P < 0.05; **P < 0.01; ***P < 0.001. IGFBP1, insulin-like growth factor binding protein 1; PRL, prolactin; VEGF, vascular endothelial growth factor.
Journal of Molecular Endocrinology attention. Treatment of PE must ensure the safety of mothers; therefore, preterm delivery is the only way to ease PE symptoms. However, although preterm delivery is appropriate for mothers who suffer from SPE, it is not ideal for a premature fetus since preterm birth might cause cardiopulmonary dysplasia and perinatal mortality, as well as lower birth weight. In this study, we investigated the roles of SP1 and P300 in decidualization. Our data showed that expression of SP1 and P300 both at mRNA and protein levels was significantly decreased in the deciduae of women who suffered from PE as compared to those from women with normal pregnancy. Using hESCs and primary ESCs, we found that the expression of SP1 and P300 was significantly increased at both mRNA and protein levels when compared with the control group after induction of decidualization. Furthermore, silencing of SP1 and P300 by siRNA reduced the expression of IGFBP1, PRL and VEGF both in cell lines as well as primary ESCs. These findings demonstrated that SP1 and P300 are critical for decidualization, and their dysfunction in deciduae obtained at caesarean section is associated with PE.
The Sp/KLF super-family has two subfamilies: Sp subfamily and KLF subfamily. SP1 is a member of the Sp subfamily and is ubiquitously expressed, and it transactivates the promoters of thousands of genes such as tissue factor (Krikun et al. 2000) and prolactin receptor (Hu et al. 1998 ). In addition, SP1 is activated in response to oxidative stress induced by hypoxia and induces the expression of several factors including VEGFA, COX2 and carbonic anhydrase 9. SP1 is also involved in the inflammatory response and other biological processes such as angiogenesis, cell growth and differentiation (Opitz & Rustgi 2000 , Liu et al. 2016 . These processes play Figure 4 mRNA expression of SP1, P300, IGFBP1 and PRL in primary ESCs after induced decidualization. (A and B) mRNA levels of SP1 and P300 after induced decidualization for 6 days. (C and D) mRNA levels of IGFBP1 and PRL after induced decidualization at 0, 3 and 6 days. All data are shown as mean ± s.e.m. *P < 0.05; **P < 0.01 vs Ctrl or day 0. ## P < 0.01 vs day 3. Ctrl, control primary ESCs; cAMP + MPA, treated primary ESCs. IGFBP1, insulin-like growth factor-binding protein 1; PRL, prolactin.
Figure 5
Effects of SP1 and P300 silencing on primary ESCs decidualization. (A) mRNA expression of related genes after SP1 was silenced. (B) mRNA expression of related genes after P300 was silenced. All data are shown as mean ± s.e.m. *P < 0.05; **P < 0.01; ***P < 0.001. IGFBP1, insulin-like growth factor-binding protein 1; PRL, prolactin; VEGF, vascular endothelial growth factor. important roles in embryo differentiation, development and endometrial decidualization.
Several transcriptomic studies of preeclamptic placentas have identified a consensus list of regulated genes (Suzuki et al. 2004 , Nishizawa et al. 2007 , Winn et al. 2009 , Tsai et al. 2011a ,b, Meng et al. 2012 , and their promoters are enriched in putative binding sites for SP1 (Vaiman et al. 2013 ). Sp1 interacts directly or indirectly with transcription-associated proteins, transcriptional regulators and chromatin remodeling factors (P300) to activate or repress gene expression (Suzuki et al. 2000) . However, in our research, silencing of SP1 did not affect the expression of P300. Conversely, silencing of P300 did not affect SP1 expression, either.
The transcriptional coactivators P300 and CREB are histone acetyltransferases. They have similar sequences and functions and by themselves do not interact with DNA. P300 and CREB need to link certain transcription factors to regulate transcription. P300 was identified as a cellular interaction partner of adenovirus E1A oncoprotein and is inactivated upon binding to E1A (Mink et al. 1997) . Lack of P300 in mice leads to embryonic lethality (Yao et al. 1998) . Furthermore, defects in P300 may cause Rubinstein-Taybi syndrome, a disorder characterized by mental retardation. A correlation has also been observed between PE and mothers of patients with P300 mutations (Tsai et al. 2011a,b) . In our study, SP1 and P300 were both detected in the deciduae of NP and SPE, but the expression of SP1 and P300 was decreased in SPE when compared with NP. This observation suggests that abnormal expression of SP1 and P300 in deciduae could be related with PE.
In vitro induction of decidualization in our experiments resulted in the upregulation of SP1 and P300 at both mRNA and protein levels. In addition, silencing of SP1 and P300 caused downregulation of the decidualization markers IGFBP1 and PRL. Uterine decidualization is crucial during pregnancy for providing nutrition to the fetus before formation of the placenta (King 2000) , regulation of trophoblast invasion and provision of immune protection. Thus, abnormal expression of important factors may cause impaired decidualization, thereby inducing PE. Our data showed that both SP1 and P300 are critical for decidualization. Reduced expression of SP1 and P300 jeopardizes decidualization and might increase the risk of PE.
Decidual angiogenesis is an important process for normal pregnancy development in the early postimplantation period. Human decidual cells express tissue factor during gestation, which is important in maintaining pregnancy. It has been reported that SP1 regulates tissue factor expression via progestin (Krikun et al. 2000) . Mice expressing lower amounts of tissue factor are susceptible to postpartum hemorrhage and death (Carmeliet et al. 1996) . Furthermore, tissue factor is also related to angiogenesis (Hobbs et al. 2007) . Furthermore, three Sp1 transcription factorbinding sites have been reported in the VEGF promoter region (Liu et al. 2016) . It also has been reported that inhibition of the hypoxia-inducible factor 1α (HIF-1α) by disrupting its association with P300 inhibits angiogenesis (Goey et al. 2016) . Additionally, we have found that HIF-1α expression was upregulated in decidualized cells on day 6 (data not shown). Thus, VEGF might be regulated by multiple signaling pathways during the process of decidualization. We speculate that SP1 recruits P300 to acetylated histones and promotes VEGF expression. VEGF has been reported to regulate the migration of trophoblasts, and inhibition of VEGF might impair uteroplacental blood flow. Disturbances in the angiogenesis signal pathways are related to PE, and altered expression of VEGF has been implicated in the pathophysiology of PE (Sandrim et al. 2008) . In our previous studies, we have demonstrated that expression of VEGF decreased at both mRNA and protein levels in the deciduae of PE when compared with NP (Zhang et al. 2016) . In the present study, our data show that silencing of SP1 or P300 leads to downregulation of VEGF during decidualization. We inferred that SP1 and P300 affect decidualization via VEGF. In addition, our previous study has also illustrated that COX2 regulates decidualization and PE via the VEGF pathway (Zhang et al. 2016) . Further studies are needed to explore the relationships between SP1, P300, COX2, VEGF and acetylation of the VEGF promoter region.
To summarize the findings of this study suggest that SP1 and P300 are very important for decidualization of human endometrium, which is essential for pregnancy, including embryo development, trophoblast invasion and placentation. Abnormal expression of SP1 and P300 in decidual tissues may be associated with PE. This is consistent with the studies of others who also consider that defective decidualization might contribute to the genesis of PE (Conrad et al. 2017 , Cottrell et al. 2017 , Garrido-Gomez et al. 2017 . A caveat is that, in the current study, we employed decidua obtained at delivery; as such, whether decidual dysregulation of SP1 and P300 is also associated with the genesis of PE transpiring in early pregnancy is unknown. PE is a multisystem disorder during pregnancy. Currently, preterm delivery is the only way to alleviate PE symptoms. Our study of SP1 and P300 in human decidualization provides new insights about the
